Abstract
Fire emitted BC from different emission inventories in April, 2009 is shown is Fig.2 . Although GFED v4.1s 143 includes the contributions of small fires (Randerson et al., 2012) , the emitted BC in GFED v4.1 shows no substantial 144 increase compared to GFED v3.1during the selected period. Only an increase by 1.75 is seen over Southern Mexico.
145
In the Central U.S., the BC emission is even slightly weaker in GFED v4.1. QFED v2.4 shows a much larger BC 146 emission than the GFED inventories. Monthly mean values of emitted BC in QFED v2.4 are larger than those in 147 GFED v4.1s by a factor of 11.4 in the Central U.S. and a factor of 3.3 in Southern Mexico.
148

Simulations
149
Two groups of simulations were conducted (Table1) using the same greenhouse gas concentrations, sea surface 150 conditions and anthropogenic emissions of aerosols and precursors. Each group includes four simulations,
151
performed either without fire emission or with daily fire emissions from one of the three fire emission inventories 152 introduced in section 2.2. The emitted species include BC, OC, and SO2. Horizontal winds were nudged to 6-hourly 153 ERA-Interim reanalysis (Dee et al., 2011) as described in Zhang et al. (2014) in both groups.
to provide longer time series for model evaluation and generate initial condition files for simulations in Group B.
They started from January 1, 2009 and were integrated for four months with 3-month spin-up. Initial condition files conditions, in this study we constructed the ensembles by implementing a very weak temperature nudging and is applied at every time step. On the other hand, the large-scale circulation patterns simulated in the different 164 ensemble members are very similar (not shown), so the noises caused by the chaotic system can be constrained and 165 the effective fire aerosol forcing signal can be easily identified.
166
Each ensemble in group B includes 10 members. The only difference between the members is the relaxation time 167 scale of temperature, which varies from 10 to 11 days at an interval of 0.1 day. All simulations started on April 1, 
182
To allow for a straightforward comparison with previous studies in the literature, we followed the IPCC concept 183 of including rapid adjustments (effective aerosol radiative forcing), but continued to decompose the aerosol effect in 184 the conventional terms as aerosol direct radiative effect (DRE), aerosol cloud radiative effect (CRE) and surface 185 albedo effect. Note that as nudging timescale determines the degree to which model physics are constrained 186 (Kooperman et al., 2012) , the use of a 6-hour relaxation time scale for horizontal wind nudging means only very fast 187 adjustments are considered in the simulations.
188
Similar to Jiang et al. (2016) , our calculations are based on the work of Ghan et al. (2012) and Ghan (2013) . Fire 189 aerosol DRE, CRE and surface albedo effect are defined as fire induced changes in aerosol forcing, cloud forcing,
190
and surface albedo forcing respectively, and are calculated as the difference of each item between simulations with 191 and without fire emissions (denoted by ∆). In each simulation, aerosol forcing was defined as the difference between In this study, we used two sets of AOD reanalysis and the AERONET data (Holben et al. 1998) 
207
all points AOD at 500 nm and 675 nm was used to generate hourly AOD at 550nm, which are the processed data 208 based on a cloud-screening algorithm (Smirnov et al. 2000) .
209
In addition, the simulated BC and primary organic matter (POM) concentrations were compared with 210 observations from the Interagency Monitoring of Protected Visual Environments (IMPROVE) (Malm et al. 2004 ).
211
IMPROVE aerosol data are only available over the Central U.S. A total of fifteen sites were selected and marked in 
Results
218
In this part, the model performance is first evaluated based on the simulations in group A. Next, we present the 219 simulated short-term effective fire aerosol forcing on 10-day and daily timescales based on the results from group B
220
simulations. We will demonstrate the importance of using ensemble simulations in estimating the short-term aerosol 
Model Evaluation
224
Model simulated AOD are evaluated against the NRL and MACC reanalysis data (Fig. 3) 
248
Model simulated AOD are also evaluated against AERONET retrievals (Fig. 4) 
260
The model is further evaluated against the IMPROVE data for BC and POM mass concentrations ( 
290
Overall, the modeled fire AOD is much smaller in simulations with GFED emissions.
291
Fire Aerosol Radiative Effect
292
As described in Sect. 2.4, fire aerosol radiative effect can be decomposed into three items including fire aerosol 293 DRE, fire aerosol CRE and fire aerosol surface albedo effect (Table S3 ). Fig.7 shows the spatial distributions of 294 shortwave direct effect (SDRE) and shortwave cloud radiative effect (SCRE). They are major contributors to the 295 total fire aerosol forcing in the selected regions. For reference, total aerosol forcing and total shortwave cloud 296 forcing in the simulation without fire emissions are shown in Fig. S2 
312
To find out the causes of the fire aerosol SCRE, fire aerosol-induced changes in cloud properties are analyzed.
increased CDNC due to an increase of CCN from fire aerosols (Fig. 8) 
354
The fire aerosol effect is also investigated for individual days. The spatial distributions of SDRF and SCRF on April 
370
ensemble members within each simulation even though the simulated AOD is nearly indistinguishable (Fig. 3) .
371
Taking remains nearly unchanged regardless of the ensemble size (Fig. 14a) . However, discrepancies in the ensemble mean fire aerosol SCRF (Fig. 14b) are substantial when the number of ensemble members is small. The same is true for 379 the ensemble spread of fire aerosol SCRF (Fig. S8) . In order to quantify the discrepancies of the simulated SCRE, 
390
Fire aerosol sources are often intermittent and height-dependent and there is a need to estimate the short-term 391 effective aerosol forcing. Although nudging helps to constrain large-scale features, the simulated cloud properties
392
(e.g. cloud fraction and LWP) and their response to aerosol changes can still be sensitive to small perturbations in 393 the atmospheric state. Therefore, for investigating the short-term aerosol effect, a single simulation might not be 394 sufficient to tell whether the aerosol effect is significant. The use of ensembles provides an effective way to estimate 395 the uncertainty. Previous investigations of short-term fire aerosol effect are mainly based on single-member 396 simulations (Wu et al., 2011; Sena et al., 2013; Kolusu et al., 2015) . While this might be less a problem for SDRE,
397
one should be more careful when investigating the aerosol indirect effect and conduct ensemble simulations to see
398
whether the estimated fire aerosol effects are robust.
399
Summary
400
In this study, we investigated the short-term effect of fire aerosols on cloud and radiation using CAM5 the Central U.S. with occasionally large fires. Apart from the local effect, fire emissions from the two regions are
405
shown to affect downwind coastal regions through transport.
barely distinguishable, despite the inclusion of small fires and changed injection heights in GFEDv4.1 used in this 411 study. Both simulate about a factor of 1.5 smaller AOD than that in the simulation using the QFED fire emissions.
412
At sites in the downwind region, the modeled BC and POM mass concentrations in the simulation with QFEDv2.4 
420
Based on the evaluation, we chose the first 10 days as the simulation period and focused on the simulation with QFEDv2.4 fire emission in our ensemble nudged simulations. In our method, the nudged ensembles are generated 
445
We also investigated fire aerosol effects on the daily time scale, where the variation in the simulated fire aerosol 446 effect can be large among the ensemble members. The large ensemble spread of total aerosol and cloud forcing
447
indicates large uncertainties in estimating daily fire aerosol effects, despite similar AOD across ensemble members.
448
Further investigations show that the simulated ensemble mean and spread with less than 7 members differs 449 considerably to those with more members. Our results suggest that for short-term simulations of aerosol and cloud 450 processes, even small perturbations might result in large difference across members despite constrained large scale 451 features. In order to obtain a robust estimate of the effective fire aerosol forcing during a short period, it is important 452 to conduct ensemble simulations with sufficient ensemble members.
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